Abstract Isopods belong to the most speciose groups of the Antarctic benthic fauna, although the knowledge on their diversity and small-scale distribution patterns is still limited. Here we analyze the diversity of the isopod fauna in the Admiralty Bay, a glacial fjord on the King George Island. The basin is located in the region of the Antarctic Peninsula, the fastest warming area of the Southern Ocean. The study provides important baseline data for future research, particularly with respect to temporal fluctuations in benthic fauna, associated with global changes observed in that part of the world. Forty species of isopods representing 19 families were recorded on the soft bottom of the Admiralty Bay. The analyses were based on 99 quantitative samples collected, within the 20-502-m depth range, with a 0.1 m 2 van Veen grab. The materials for the analyses were obtained in the austral summer seasons of 1984/1985 and 1985/1986. The data revealed a high number of isopod species occurring at a low abundance, the mean abundance amounting to 4.8 ± 8.6 ind./0.1 m 2 . Most of the species occurred at low abundances, 25% of the species being represented by singletons. Caecognathia polaris, the most abundant species, showed the mean abundance of merely 1.2 ± 4.2 ind./0.1 m 2 . Species richness, diversity and abundance of the isopod fauna were much higher in the central basin of the Admiralty Bay than in the Ezcurra Inlet, an area affected by a strong disturbance of glacial origin.
Introduction
Isopods are one of the key groups of benthic macrofauna of the Southern Ocean (De Broyer et al. 2011 ). They inhabit a great variety of microhabitats, and can be found from the intertidal zone down to the abyssal and hadal depths Kaiser 2014) . They are an important component of the Antarctic trophic web and represent a high diversity of feeding modes (Poore and Bruce 2012; Kaiser 2014) . Isopods are benthic brooders characterized by a limited dispersal potential, which makes them potentially good indicators of changes associated with various types of natural and anthropogenic disturbance (Veloso et al. 2011; Siciński et al. 2012; Longo et al. 2013 ). Some species have been shown to be vulnerable to largescale environmental changes observed in the region of the West Antarctic Peninsula (Ingels et al. 2012) . Specifically, the mobility, physiology and development of benthic isopods may be affected by modification of hydrological and sedimentary regimes (Young et al. 2006; Janecki et al. 2010) .
Following recent focused programmes, the current knowledge on the diversity and zoogeography of isopods in the Southern Ocean is quite comprehensive (e.g. Kussakin 1967; Kussakin 1973; Brandt 1990 Brandt , 1992 De Broyer et al. 2011; Kaiser 2014) , although ecological studies have been scarce, most concerning only the shallowest soft-bottom areas (e.g. Lowry 1975; Richardson and Hedgpeth 1977; Siciński et al. 2012; Bick and Arlt 2013) . Moreover, no studies have addressed exclusively distribution patterns of the isopod fauna. The areas studied most thoroughly in terms of the Southern Ocean Isopoda species richness are large basins, including the Ross Sea (Choudhury and Brandt 2009 ), the Weddell Sea (Brandt 1992) , the Bellingshausen Sea (Brandt 1999 ) and the region of the South Shetland Islands (Castello 2004) . Some recent studies tackled also the deep-sea isopod fauna from different parts of the Southern Ocean (e.g. Brandt et al. 2007; Kaiser et al. 2007) . The lack of a baseline knowledge on the diversity and distribution patterns of isopods at the scale of fjords or small inlets and glacial bays can hamper future analyses of possible climate-change effects on spatial and temporal variability in benthic communities. Fjords, small inlets and glacial bays support habitats that are highly vulnerable to climate-related changes, including increased sedimentation rates, alterations of temperature and salinity or silting of bottom sediments, which substantially affect the benthic fauna (Wlodarska-Kowalczuk and Pearson 2004; Węsławski et al. 2011; Kedra et al. 2013; . It is therefore critical to establish benchmarks against which the levels of future changes in polar fjords can be assessed. Some long-term changes in the structure of benthic communities have already been observed in the Antarctic (e.g. Pabis and Sobczyk 2015; Moon et al. 2015; Sahade et al. 2015) , but there remains a need to develop a system of monitoring sites that will allow comprehensive and meaningful evaluation of global environmental changes in the benthic fauna of the whole region.
The Admiralty Bay is one of the most comprehensively studied small-scale marine basins in the whole Southern Ocean, with about 100 studies focused on diverse groups of macroinvertebrates, including the following: polychaetes (Siciński 2004; Petti et al. 2006; Pabis and Siciński 2010a, b) , echinoderms (Presler and Figielska 1997) , bryozoans (Nowak et al. 2014; Pabis et al. 2014 ) and some groups of peracarid crustaceans (Ja_ zd_ zewski et al. 1991; Ja_ zd_ zewska 2011). The Bay has therefore been suggested as a good choice for a monitoring site . Earlier studies analyzing the isopod fauna of the basin were focused on taxonomy (Teodorczyk and Wägele 1994; Zemko and Brix 2011; Zemko and Kaiser 2012) , necrophagous assemblages (Presler 1986) , the fauna associated with kelp holdfasts (Zemko et al. 2015) and shallow nearglacial coves ). In addition, analyzed the macroinvertebrate biomass in the Bay. Nevertheless, the knowledge on the ecology of soft-bottom isopod assemblages is still far from complete. Our study aims to analyze distribution patterns and diversity of isopod crustaceans along the full depth range of the Admiralty Bay and in areas characterized by different levels of glacial disturbance.
Materials and methods

Study area
The Admiralty Bay is a medium-sized fjord of tectonic origin on the King George Island. It covers an area of about 120 km 2 . The Bay consists of a central basin and three inner fjords: the Ezcurra Inlet, the Martel Inlet and the MacKellar Inlet. Almost half of the Bay's coastline, especially in the inner fjords (Braun and Grossmann 2002) , features glaciers and icefalls. The Admiralty Bay is characterized by a complex set of hydrological properties. It is influenced by warmer and less saline waters from the Bellingshausen Sea and by more saline and colder waters from the Weddell Sea (Tokarczyk 1987) . The average tidal range is 1.4 m (Catewicz and Kowalik 1983), while the exchange of the upper water layer takes about 1-2 weeks (Pruszak 1980) .
The Ezcurra Inlet is a narrow fjord with large tidewater glaciers distributed along its coastline. The basin is affected by dynamic glacial processes. A clear gradient of mineral suspension can be observed along the fjord's axis: the highest concentrations of suspended solids ([100 mg/dm 3 ) were recorded in the inner glacial coves, and the lowest concentrations being found in the outer area of the Ezcurra Inlet (15 mg/dm 3 ) and in the central basin (2.8 mg/dm 3 ) (Pecherzewski 1980) . In addition, the Ezcurra Inlet shows a high turbidity (Lipski 1987 ) and a low water chlorophyll a content (Tokarczyk 1986) . A submerged sill (about 100 m high) separates the outer part of the inlet from its middle and inner parts (Marsz 1983) . The outermost part of the Ezcurra Inlet features strong currents and exchanges water with the central basin, while the rest of the fjord is characterized by a weak circulation and a lower influence of water from the central basin (Campos et al. 2013) . Areas in the vicinity of glaciers show changes in salinity and temperature (Szafranski and Lipski 1982) . The central basin and the Martel Inlet are not as strongly influenced by sedimentation processes. The shallowest sublittoral zone down to about 30 m, however, is shaped by growlers and smaller icebergs (Nonato et al. 2000; . The central basin is the deepest part of the Admiralty Bay (about 550 m) and is directly influenced by waters entering from the Bransfield Strait .
The nature of bottom sediments is associated with the intensity of glacial processes. The sediments in the inner parts of the Ezcurra Inlet can be described as silty clay and clay silt. The areas of the fjord located farther away from glaciers are characterized by sandy clay silt. The amount of skeletal fractions increases along the Inlet's axis too (Rudowski and Marsz 1996; Siciński 2004; Campos et al. 2013) . At the same time, the proportion of sand is higher in the central basin, particularly in the shallower sublittoral (Siciński 2004; Siciński et al. 2011) .
Sampling
Samples were collected in the austral summer seasons of 1984/1985 and 1985/1986 with a Van Veen grab (0.1 m 2 ). A total of 99 samples from 99 stations were analyzed. The stations were distributed along the Ezcurra Inlet axis (27 samples, 20-152-depth range) and in the central basin (72 samples, 37-502-m depth range) (Fig. 1) . The samples were sieved on 0.5-mm mesh sieves and preserved in 5% buffered formaldehyde. Subsamples for sediment analysis were collected from part of the material. Grain size data are available for 46 samples (see Siciński 2004) . The classification of sediments proposed by Shepard (1954) was used.
Data analysis
The species richness (S), diversity (Shannon Index, log e) and abundance (ind./0.1 m 2 ) were calculated for each sample (Magurran 2004) . The mean values, standard deviations (SD) and standard errors (SE) of those metrics were calculated for the whole sample set, for the Ezcurra Inlet and for the central basin of the Admiralty Bay. The Mann-Whitney U test was used to test for significance of differences between the Ezcurra Inlet and the central basin of the Admiralty Bay. The deepest station from the Ezcurra Inlet was located at a depth of 152 m. To render the data from the two parts of the Admiralty Bay fully comparable, we also compared the species richness, diversity and abundance using only the data from a similar depth range in the central basin, down to 156 m (the Ezcurra Inlet: all 27 samples; the central basin: 29 samples). The frequency of occurrence (F), i.e. the percentage of samples containing a species relative to the total number of samples, was calculated for the Ezcurra Inlet, the central basin and the entire sample set.
Species-area accumulation curves, i.e. curves showing the cumulative number of species observed as a new sample was added to the set (Clarke and Warwick 2001) , averaged over 999 permutations were plotted using PRIMER 6.0.
Results
Overall diversity and abundance
The 99 samples collected, yielding altogether 478 isopod individuals, were found to contain a total of 40 species representing 19 families. Isopods were recorded in 79 samples, and were absent from 20. Most of the isopod-free samples were collected in the Ezcurra Inlet (16 samples, i.e. 60% of the samples collected in the Inlet). The most speciose families include the Munnidae (seven species) and the Desmosomatidae (five species). The mean abundance of all the species was low. Caecognathia polaris (Hodgson, 1902) , the most abundant species overall, occurred at a mean density of only 1.2 ± 4.2 ind./0.1 m 2 (Table 1) . Moreover, ten species (25%) were singletons, while 12 species (30%) were represented by just 2-5 individuals in the entire material examined. The maximum number of individuals per sample was also low and, for most species, did not exceed 5 ind./0.1 m 2 . Only six species occurred at a higher maximum number of individuals per sample ( Table 1 ). The mean total isopod abundance was also low (4.8 ± 8.6 ind./0.1 m 2 ), the maximum abundance amounting to 59 ind./0.1 m 2 . The species accumulation curve did not reach the asymptote (Fig. 2) .
The Ezcurra Inlet versus the central basin of the Admiralty Bay
The Ezcurra Inlet, a shallower and highly disturbed part of the Admiralty Bay, was found to support as few as 13 species, all occurring with extremely low abundances (Table 1) . Moreover, the mean total abundance (1.5 ± 2.9 ind./0.1 m 2 , Max = 13 ind./0.1 m 2 ) and frequency of occurrence (40%) of isopods were also low. The Inlet supported two species (Ectias turqueti, Richardson. 1906 and Munna jazdzewskii, Teodorczyk and Wägele 1994) not found elsewhere in the Bay.
The isopod fauna diversity in the central basin was much higher than that in the Ezcurra Inlet. The central basin supported 38 species. Comparisons carried out for the samples obtained from a depth range identical with that sampled in the Ezcurra Inlet (29 samples collected down to 156 m depth) showed, however, the number of species in the central basin to be also relatively low (19; Table 1 ). Mean abundances of two species only, Caecognathia polaris (Hodgson, 1902) (Table 1) .
Our study revealed no general pattern of abundance or the number of species per sample along the depth and sediment gradient of the Ezcurra Inlet and the central basin.
The highest values of abundance and the species richness per sample were recorded, however, only in samples retrieved from shallower depths (down to about 50 m) in the two parts of the Admiralty Bay studied (Figs. 3, 4) . The mean isopod abundance, number of species per sample and diversity (Shannon Index) were higher in the central basin than in the Ezcurra Inlet (Fig. 5) , the differences being 
Bathymetric distribution of species
Analysis of the bathymetric distribution of the isopod species identified in the Admiralty Bay allowed to distinguish three groups. Eight species were recorded only in the shallow sublittoral, down to about 90-m depth. The second group contained 14 species occurring along a wider depth range; they were found in the shallow sublittoral, but also at the deepest stations of the central basin. The largest group consisted of the species recorded in the deeper areas, below a depth of about 200 m (Table 1) .
Discussion
Benthic macroinvertebrates of the Admiralty Bay show a high species richness. So far, a total of 99 species of isopod crustaceans have been recorded in the basin (Arnaud et al. 1986; Presler 1986; Teodorczyk and Wagele 1994; Zemko and Kaiser 2012; Siciński et al. 2012; Zemko et al. 2015; Zemko unpublished results) . Isopods are the third most speciose macrofaunal group in the Admiralty Bay, following the Amphipoda (172 species) and Polychaeta (162 species) ). This small (surface area of 120 km 2 ) basin hosts about 23% of all the isopod species described from the Southern Ocean (DeBroyer et al. 2011 ) and about 64% of isopods found off the South Shetland Islands (Castello 2004) , although those proportions will certainly change once new species from the deep sea are described ). The high diversity of the Bay's isopods might be associated with a multitude of various microhabitats in the basin (Sicinski et al. 2011) , and also with the zoogeographic location of the South Shetlands. The region shows affinity to the Magellan area and the Scotia Arc (De Broyer and Koubbi 2014) . Moreover, the Bransfield Strait may have been a glacial refuge for benthic fauna during the last glacial maximum (Anderson et al. 2002) . On the other hand, the Admiralty Bay is a small area that was intensively sampled during the last 35 years. This could have also accounted for the list of taxa being more comprehensive than elsewhere (see also Siciński et al. 2011) . In a similar basin (Arthur Harbour, Anvers Island), 69 samples yielded as few as 39 isopod species. Substantial differences in the isopod species richness have also been revealed between Arctic and Antarctic polar fjords. Generally, the number of isopod species recorded in the Antarctic (441) (De Broyer et al. 2011 ) is higher than that in the Arctic (112 species) (Piepenburg et al. 2011 ). There, small-scale differences (between areas showing similar habitat characteristics in single glacial inlets) have been observed. Only two isopod species were recorded in the Spitsbergen fjord Hornsund (Kedra et al. 2010) . On the other hand, other groups, e.g. polychaetes or amphipods, show no such high differences between the Hornsund and the Admiralty Bay (Kedra et al. 2010; Siciński et al. 2011; .
On the soft bottom of the Admiralty Bay, isopods occurred with a high species richness, but their abundances were low. Abundances of polychates and amphipods in the basin are much higher than the isopod abundance (Siciński 2004 ; Ja_ zd_ zewska 2011). Comparable or higher abundances, at least in some areas of Admiralty Bay, including the Ezcurra Inlet, have been observed in much less diverse soft-bottom peracarids such as the Cumacea (15 species The Southern Ocean isopod fauna has been studied primarily on qualitative samples collected with dredges or an epibenthic sledge, the major focus being on species richness assessment, zoogeography or deep-sea communities (e.g. Brandt et al. 2004 Brandt et al. , 2005 Kaiser et al. 2007 ; Choudhury and Brandt 2009). The abundance of isopods in other small coves and bays in the Antarctic Peninsula region was found to be low, although direct comparisons with our data are problematic. For example, information on the 39 isopod species recorded in the Arthur Harbour is not accompanied by data on their abundance, except for a brief statement that the abundances were low (Richardson and Hedgpeth 1977) . The much lower abundance and diversity of the isopod fauna in the Ezcurra Inlet, compared to the central basin of the Admiralty Bay, can be quite easily explained by the differences in the hydrological and sedimentary regimes (Pecherzewski 1980; Szafranski and Lipski 1982; Rudowski and Marsz 1996; Siciński 2004; Campos et al. 2013) . Glacial fjord fauna is generally impoverished in terms of biodiversity and abundance on account of various types of disturbance, such as increased mineral sedimentation and silting of bottom deposits (Włodarska-Kowalczuk and Pearson 2004; Siciński et al. 2011; Kędra et al. 2013 ). Generally, a gradual increase in macrofaunal abundance and diversity is observed along the polar fjord axis, and is accompanied by changes in species composition (Siciński 2004; Włodarska-Kowalczuk and Pearson 2004; Kedra et al. 2013) .
The isopod fauna of the Admiralty Bay does not form distinct faunal assemblages associated with specific depth zones or different sediment types. Although some species were recorded only in the shallower sublittoral and other occurred only in the deepest bottom areas of the Admiralty Bay (Table 1) , most of those species were singletons or doubletons. Therefore, we cannot speculate about the strength of this pattern in the Admiralty Bay. Moreover, many of the species recorded in our study have been shown to occur over wider depth ranges at other Antarctic sites (e.g. Hodgson 1910; Castello 2004; Choudhury and Brandt 2009) , although bathymetric distribution of a species may differ between semi-closed basins such as the Admiralty Bay and open shelf sites. On the other hand, polychaetes and amphipods showed a clear depth zonation in the Admiralty Bay (Siciński 2004; Siciński 2010b, 2012 ; Ja_ zd_ zewska and Siciński 2017).
Our study was based on a large set of quantitative samples. As the species-area cumulative curve was quite steep, the Admiralty Bay may be expected to support still more isopod species. A higher sampling effort and a larger number of replicates would be necessary to improve the knowledge on the patchiness level in isopod distribution. These conclusions are supported by data from a small area of the Ezcurra Inlet neighbouring the Herve Cove, a glacial bay, where some isopod species (e.g. Munna jazdzewskii 30.8 ± 56.2 ind./0.1 m 2 ) occurred with high mean abundances or by our results showing a low mean abundance of Caecognathia polaris, but a high maximum number of individuals in a single sample (Table 1) .
Isopods were absent in more than a half of the samples collected in the glacially affected Ezcurra Inlet, and their abundance in the remaining samples from the area was very low (Fig. 4) . This might suggest that, generally, isopods are more sensitive to glacial disturbance than other peracarid crustaceans such as the Tanaidacea, Cumacea or Amphipoda, which were more abundant in this glacial inlet, especially in its central and outer part (Bła_ zewicz-Paszkowycz and Ja_ zd_ zewski 2000; Ja_ zd_ zewska 2011; Pabis and Bła_ zewiczPaszkowycz 2011; Ja_ zd_ zewska and Siciński 2017).
Further studies on the isopod fauna in glacial fjords should focus on the assessment of patchiness level, which will require a higher sampling effort and a more extensive and uniform distribution of sampling stations, particularly in heavily disturbed areas such as the Ezcurra Inlet. The ongoing changes associated with the climate warming in the Antarctic Peninsula region (Walsh 2009 ) might also affect isopod assemblages, as they are sensitive to glacial disturbance. If the level of isopod rarity in glacial Antarctic inlets is really as high as that shown by our data, local populations of some species may become extinct in smaller isolated basins directly due to changes in environmental conditions, as shown in scenarios proposed by Ingels et al. (2012) . Our analysis was based on samples collected 30 years ago and thus can be used as a baseline for further studies, especially those investigating long-term changes in composition and diversity of the benthic fauna. Problems associated with distribution and diversity of the Southern Ocean isopod fauna (its rarity and patchiness in particular) on a microhabitat scale certainly deserve more attention in future research programmes.
